Integrated microscopic investigations of bipolar junction damages in silicon detectors following neutron irradiation and studies of the degradation of the performance of bipolar transistors, due to generation of defects in silicon irradiated with neutron and ion carbons, were performed. The integrated microscopic investigations were studied by means of an advanced contact potential difference (CPD) method in atomic force microscopy (AFM). It was shown that gain degradation appears and that the density of generated defects is the same for neutron and carbon irradiation, but the density of created Frenkel pairs (interstitial-vacancy) is smaller for neutrons than for carbon ions. The value of ∆(1/β) of the transistor was evaluated from the density of Frenkel pairs (CF), for given value of Φ. The dependence of ∆(1/β) on concentration of CF for lateral and vertical pnp juntions at I c =1µm, was shown. Fron the data of density of Frenkel pairs as a function of ratio Φ (R), was obtained , R=CF/Φ. Ratio R was independent on Φ, for a given type of irradiation (neutrons or carbon ions). For carbon ions, R depends on the value of the energy of incident particles (medium energy 11.1 MeV/a and high energy 95.0 MeV/a of the carbon ions.
Introduction
The neutron irradiation influence on various electrical and mechanical characteristics of p-n silicon detectors was studied. Drastic changes in I-V characteristics of p-n silicon junctions were observed following neutron radiation fluences of more than 10 14 n/cm 2 . Optical and atomic force microscopy (AFM) along with microhardness studies, have shown morphological degradation in the silicon lattice structure, accompanied by increased fragility for the Φ≥10 14 n/cm 2 . The physical change in the neutron irradiated silicon, was observed to be influenced by the type of defects and their distribution in the bulk material.
AFM and EBIC (Electron Beam Induced Current) results were found to be in correlation with defect types.
In recent years, intensive investigation of radiation hardness of BJT and MOS devices, integrated in BiCMOS technology, was done [1] [2] [3] [4] [5] [6] in order to analyse the performance changes of the individual devices and to find better design strategies. Measurements of the radiation effects on the npn and pnp transistors, produced by the process HF2CMOS, are presented. The base current (I b ), the collector current (I c ), and the forward gain (β F ) as a function of polarisation, before and after irradiation with neutrons and carbon ions, were measured and analysed. Correlations between the variations of β F and the concentration of defects produced in the silicon bulk by irradiation, were found.
Devices And Methods
The investigated devices were manufactured by ST-Microelectronics, using an industrial standard high-speed technology, called HF2CMOS. Devices were irradiated by neutrons, carbon ions, or by both of them.
The neutron irradiation was performed at the Triga reactor RC:1 of the National Organisation of Alternative Energy (ENEA) at Casaccia, Rome. The flux of the reactor, in the energy range of 24.8keV -10MeV, was 6.474x10 11 n/cm 2 s, at the reactor power of 1MW. The obtained fluences were in the range of 1.0x10 13 n/cm 2 -1.0x10 15 n/cm 2 (see Table 1 ). The carbon ions were made available at the Grand Accelerateur National d'Ions Lourds (GANIL), at two different energies: a.
12
C accelerated at 95 MeV/a (High Energy, HE), and b.
13 C ions at energy of 11.1 MeV/a (Medium Energy, ME).
Both npn and pnp devices were characterised, using a modular DC source/monitor (Hewlett-Packard HP4142B), controlled by a work station HP9000/C160. The forward voltage applied to the emitter-base junction (V BE ), was in the range 0.2V-1.2V, which allows to measure the value of β F for 10 -12 <Ic<5x10 -3 A, with the base and collector grounded. The measurement was done using the same setup before and after irradiation. Due to the intrinsic technological spread of the β F values, all the samples were measured before irradiation, in order to correctly evaluate the variations for each sample, due to irradiation. For each fluence, two of the three transistors were irradiated. All the measurements were done at room temperature (T~25°C). The samples, irradiated by medium energy carbon, were measured in a climatic chamber, at a constant temperature value of 24°C. 
Contact Difference Results
In Fig. 1 , the contact potential difference characteristic of a neutron irradiated sample of Φ=6x10 14 n/cm 2 for comparison to a non-irradiated n-p detector, is as shown. As can be seen, the irradiation with Φ>10 14 n/cm 2 , reduce drastically the CPD near to zero. This shows that irradiation at these fluences may badly damage the junction diode, up to the disappearance of the space-charge region.
Defects Calculation
The gain degradation of bipolar junction transistors under neutron irradiation can be considered as a function of the interstitial-vacancy Frenkel pairs [7] [8] . A way of normalising the damage, caused from different spectra to the neutron energy of 1MeV and it given in ASTM standards 9 . In a neutron collision in silicon, a primary displacement can be caused. If the incident energy is sufficiently high, the displacement Si ion can generate secondary displacements. Thus, defects are produced in clusters. In literature 9 , the energy dependent neutron displacement cross-section in silicon, is given in kerma, the kinetic energy released in matter [Gy]. Furthermore, it is possible to obtain the energy loss in the lattice, El, due to the creation of defects, as:
(1) where φ is the fluence, N the atomic density, and k the cross section expressed in kerma, E is the average neutron kinetic energy.
It is also possible to calculate the density of Frenkel pairs, by dividing k(E) to 2E d , where E d is the displacement energy. In the present paper, E d is about 25eV and, thus, the displacement cross-section is:
In Eqs. (1) and (2), the value per atom -[J·m 2 /atom] -is used. Then the density of defects, generated in the lattice can be calculated: . Since ions range varies with energy, it is important to evaluate the depth at which the device is realized inside the substrate. The samples are mounted inside a package with removable upper lid. Therefore, it is also possible to irradiate the samples with ions at low energy, at correspondingly higher collision energy losses.
The range of carbon ions at medium energy (11.1MeV/a) is between 300 and 350µm. Since the production of density of Frenkel pairs varies over this depth, we have investigated only the first 10µm thick layer, where the active region is located. Inside this layer, the simulations showed a nearly uniform defectproduction. For carbon ions at high energy, the Frenkel pairs production is uniform for more than 300µm, in depth..
In Table 2 , the calculated values for each kind of irradiation, are presented. In Table 3 , the data are collected and ordered with respect to the Frenkel pairs.
Radiation
Frenkel The vacancy density is not really constant during the slowing down. A simulation performed has shown how the mean, over the slowing down path, moves slowly from a value of about 10,000 at CME to about 30,000 calculated, before the last peak. Since the layer of interest is less than 5 µm the detailed simulation was performed, taking into consideration the depth of interest only, (as said before in Table 2 ).
Results

Data analysis
The collected gains before and after irradiation were performed using the collector current Ic as a parameter. All the data at fixed I C , show an almost linear dependence of a ∆(1/β) on the Frenkel pairs density. In 7,8 the same law is presented, for a given particle or spectrum, with a dependence on the fluence. The damage constant k, is known to be inversely roportional to the cut-off frequency. The lateral pnp have a lower cut-off frequency (20MHz versus 2-6 GHz of vertical pnp and npn.
If the damage is constant (the slope of the fit) for plotting with the collector current, it is possible to find a regular behaviour of the values, that follows a power law .
The 50x50 npn transistor (emitter region 50µmx50µm) were irradiated with ions only. They still exhibit linearity for a given collector current and the regular behaviour of the slope. The damage effects appear to be higher in these devices than on the ones with smaller area.
It should be mentioned that in the n-p junction we have a space-charge and corresponding built-in potential. In transistors, EBIC measurements were not performed, but it can be assumed that the space-charge junctions built-in potentials will show similar behavior at very high fluences (Φ>10 14 n/cm 2 ). Vertical pnp transistors were irradiated only with carbon ions at medium energy, but they still exhibited the same behaviour .
Lateral pnp were irradiated with neutrons and ions. As expected, because of their lower cut-off frequency, they showed greater damage effects, still observing the linearity with the Frenkel pairs, but the slope dependence with the collector current was different and not regular, descending and then increasing .
Conclusions
The experimental data show that the gain degradation in bipolar transistors depends on the defects density generated in the devices and is independent on the type of irradiation. Thus, it is possible to evaluate ∆(1/β), once the expected Frenkel pairs density is known.
The dependence of the damage constant with collector current, was a power law function, with the exception in Table 3 . of the lateral pnp transistors, that shows a higher sensitivity to radiation and a different behaviour.
Neutrons give a smaller density of Frenkel pairs (CF) than both sorts of carbon ions (CHE and CME). The smaller energy carbon ions (CME) cause a higher concentration of CF, shown The calculated ratio R = CF/Φ, where CF is the Frenkel pair density and Φ fluence (taken from Table 3 ), does not depend on Φ, for a given type of radiation. However, it depends on incoming particle type. Its smallest calculated value was obtained for neutrons (R= 6.1x10), which increases to 1.25x10³ for CHE and for CME to 1.1x10 4 .
